Amino acid analysis of Saccharomyces cerevisiae cells indicated that neutral amino acids such as glycine and alanine were probably excluded from the vacuoles, and that vacuolar H þ -ATPase (V-ATPase) was involved in the vacuolar compartmentalization of these amino acids. We found that vacuolar membrane vesicles export neutral amino acids in an ATP-dependent manner. This is important in identifying vacuolar transporters for neutral amino acids.
Vacuoles are the largest organelles in the budding yeast Saccharomyces cerevisiae, occupying about 25% of the cell volume. They serve as storage compartments for a variety of amino acids. 1, 2) A majority of the cellular basic amino acids are localized in the vacuoles. In contrast, glutamate, the most abundant amino acid in the cytosol, is almost entirely excluded from the vacuoles. 1, 2) While other amino acids are also compartmentalized in the vacuoles, their amounts are much lower than those of the basic amino acids. These differences in the concentration of free amino acids between vacuolar and cytosolic pools suggest the existence of active amino acid transport systems on the vacuolar membrane. ATP-dependent amino acid uptake, driven by the proton electrochemical gradient generated by the vacuolar H þ -ATPase (V-ATPase), has been observed in purified vacuolar membrane vesicles. 3, 4) A kinetic analysis of the vesicles suggested that several systems independently operate in this activity. 4) However, amino acid export from the vacuoles is not well characterized, because observation of export activity by the vesicles was limited to acidic amino acids. 5) Here we found that neutral amino acids are exported by vacuolar membrane vesicles in an ATP-dependent manner.
The S. cerevisiae strains used in this study were X2180-1B (MAT SUC2 mal mel gal2 CUP1), BY4741 (MATa his3Á1 leu2Á0 met15Á0 ura3Á0), and mutants derived from these strains. Cells were cultured in YPD medium. For the analysis of cellular amino acid compositions, 10 OD 660 units of cells were harvested at early logarithmic phase and washed twice with AA buffer 6) (2.5 mM potassium phosphate buffer pH 6.0, 0.6 M sorbitol, and 10 mM glucose). To prepare a wholecell fraction, the washed cells were boiled in distilled water for 15 min at 20 OD 660 units of cells/mL. After centrifugation the supernatants were collected. To prepare a vacuolar fraction, the cupric ion treatment method was used. 7) Washed cells were resuspended in AA buffer containing 0.2 mM CuCl 2 at 3.3 OD 660 units of cells/mL and incubated for 10 min at 30 C. Cell suspensions were collected by centrifugation and washed once with 3 mL of AA buffer. The cell pellets were resuspended in distilled water and boiled for 15 min. After centrifugation, the resulting supernatants were collected as the vacuolar fraction. The amino acid compositions of the fractions were measured with an automatic amino acid analyzer (Hitachi L-8800, Hitachi, Tokyo, Japan). Table 1 shows the amino acid compositions in the whole-cell and vacuolar fractions of strain BY4741 (the wild type). The amino acid concentrations in the cytosol and vacuoles and the ratio of the two were calculated as described elsewhere. 1, 2) As reported previously for other yeast strains, 1, 2, 8) more than 70% of the basic amino acids (lysine, histidine, and arginine) was in the vacuoles, while more than 95% of the glutamate was in the cytosol. Methionine was located mainly in the vacuoles, at 66% of the whole cell. Threonine, serine, isoleucine, leucine, tyrosine, phenylalanine, and tryptophan also accumulated in the vacuoles. The vacuolar accumulation of valine and proline was minimal, while aspartate, glycine and alanine were probably excreted from vacuoles at steady state.
In order to determine the in vivo role of V-ATPase in vacuolar amino acid compartmentalization, the amino acid compositions of the vacuolar fractions of the parent strain BY4741 (wild) and of null V-ATPase mutants, STY3708 (vma1Á), STY4020 (stv1Á), STY3712 (vph1Á), and STY3872 (stv1Ávph1Á), grown in YPD medium, were examined (Table 2 ). Vma1p is a major subunit of V-ATPase. Note V-ATPase and Golgi/endosomal V-ATPase respectively. 11, 12) It has been suggested that both null VATPase mutants, vma1Á and stv1Ávph1Á, are deficient in endocytosis as well as in vacuolar acidification.
13) The effect of a deficiency in Vma1p on vacuolar amino acid composition was remarkable. The total amount of amino acids in the vma1Á mutant was about 40% of the parent (Table 2) . Basic amino acids drastically decreased while others increased. This trend was also observed for the vph1Á and stv1Ávph1Á mutants, but, in contrast, the effect of the STV1 mutation on vacuolar amino acid contents was slight. These results suggest that VATPase-dependent vacuolar acidification plays an important role in determining total amino acid amounts and in the amino acid composition in vacuolar pools. It has been reported in studies of ATP-dependent amino acid uptake by vacuolar membrane vesicles that limited uptake of methionine, serine, glycine, or cysteine occurs and that no active uptake of glutamate, aspartate, proline, valine, threonine, or alanine by the vesicles occurs. 3, 4) In view of our results, it is likely that excretion of glycine and alanine from vacuoles (Tables 1 and 2 ) occurs in V-ATPase-dependent manner. The nearly equal distribution of valine and proline between vacuolar and cytosolic pools (Table 1 ) might reflect a balance of vacuolar uptake and excretion activities or an absence of active transport systems for these amino acids. Hence, it is important to investigate the export activities of amino acids from the vesicles that were not observed as ATP-dependent uptake. 4) To examine amino acid export from the vacuoles, vacuolar membrane vesicles were prepared as described previously 3) from strains X2180-1B (wild) and STY3827 (avt1Á). For export assay, the vesicles were preloaded with amino acids by incubation for 5 min at 25 C in 500 mL of assay mixture (25 mM 2-(N-morpholino)ethanesulfonic acid (MES)-Tris pH 7.0, 4 mM MgCl 2 , and 25 mM KCl) containing 14 C-labeled amino acid (final 0.1 mM; 4.8-11.1 GBq/mmol) and vesicles (200 mg of protein). Where indicated, 10 mM of carbonyl cyanide m-chlorophenylhydrazone (CCCP) was added. After preloading, the reaction was started by adding 2 mM ATP, and then stopped by diluting a 100-mL sample with 5 mL of ice-cold wash buffer (25 mM MES-Tris pH 7.0, 5 mM MgCl 2 , and 25 mM KCl) at the indicated time points. A sample without ATP was Table 1. removed and diluted with 5 mL of ice-cold wash buffer as control at time 0. The vesicles were filtered through a nitrocellulose membrane (Millipore HA; 0.45 mm, Millipore, Billerica, MA) and washed immediately with 5 mL of ice-cold wash buffer. The radioactivity remaining in the vesicles was measured using a liquid scintillation counter. Radioactive materials were obtained from Perkin Elmer (Boston, MA) ([U-14 C]alanine and [U-
14 C]proline) or GE Healthcare (Buckingham-shire, UK) ([U-
14 C]isoleucine and [U-14 C]valine). Figure 1 shows ATP-dependent extrusion activities for alanine, valine, proline and isoleucine by vacuolar membrane vesicles. In the case of isoleucine transport, the AVT1 deletion mutant was used, because Avt1p mediates isoleucine uptake by the vesicles. 5) Loaded alanine, valine, proline, or isoleucine was excreted upon the addition of ATP. These extrusion activities were remarkably inhibited by the addition of protonophore CCCP (Fig. 1 ) and concanamycin A, the V-ATPase inhibitor (data not shown). This is the first observation of the net export activities of these neutral amino acids, probably depending on the proton electrochemical gradient, by vacuolar membrane vesicles. Based on the data shown in Tables 1 and 2 , it is expected that vacuolar amino acid compartmentalization is balanced by the activities of multiple transport (import and export) systems. The nearly equal distribution of valine and proline between the vacuolar and cytosolic pools (Table 1 ) may have been due to ATP-dependent export (Fig. 1) and unknown import systems. Only a few genes involving vacuolar transport of amino acids have been reported to date, 5, 14) and none for the vacuolar transport of alanine, valine and proline have been identified. This in vitro vesicle system should be useful in characterizing the vacuolar exporters of these neutral amino acids by reverse genetics. 14 C-Labelled amino acids were preloaded into vacuolar membrane vesicles isolated from S. cerevisiae X2180-1B (wild type). Vesicles of STY3827 (avt1Á) were used to assay isoleucine export. Preloaded vesicles were removed immediately before (0 min) and, at 1, 2, and 4 min after the addition of 2 mM ATP (open circles) or 2 mM ATP plus 10 mM CCCP (open triangles), and collected on cellulose acetate membrane filters. As control, preloaded vesicles were incubated in the absence of ATP (closed circles). The amount of preloaded 14 C-labelled amino acids (0 min) was taken to be 100%. The relative amounts trapped on the filters were plotted. Results are means AE SD of three independent experiments.
